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FOREWORD

This is a technical report of a study conducted by the Electrical
Engineering Department, Auburn University, toward fulfillment of Contract
NAS8-11344. This report represents & summary of the renearch‘conductcd

to date on class-D power amplifiers.
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ABSTRACT

Switching-mode, or class-D, amplification may be used to take

advantage of the high efficiency of operating transistors in the setura-

tion region. This report describes the theoretical analysis of s basic

switching-mode smplifier configuration, and reduces the theoretical
material to a specific procedure for the practical design of switching-
mode emplifiers for g variety of applications. The basic configuration
features high overall efficiency, low quiescent power consumption, a
filtered, analog output signal, and adaptability to a wide variety

of input, feedback and load configurations. Included i{s & design
example with & maximum d-c power output of 150 watts at an overall
efficiency of 50% at maximum power output.
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THE ANALYSIS AND DESIGN OF
A CIASS-D AMPLIFIER

M. A, Honnell, J., K, Newell, and M. T, McPherson
1. INTRODUCTICN

Class-D amplification may be defined as the following generalized
process: (1) an analog input signal is converted to a modulated
constant-amplitude pulse signal; (2) the modulated pulse signal is
emplified; (3) an analog output signal is obtained by demodulating
the modulated pulse signal. Class-D amplification may be accomplished
by switching a transistor from its non-conducting ("of£") state, to
its saturated ("on") state at a certain rate sucli that an output pulse
of 2 certain duration is obtained.' 1f, for example, either the pulse
width or pulse frequency is modulated by an input signal, then the input
information can be ?ecovered by passing the output pulses through &
low pass filter, Thus class-D amplification may be employed to take
advantage of the most efficient type of transistor operation, the
saturated-switching mode.

This report presents a basic class-D amplifier circuit configura-
tion in a general form, which 1is readily adaptable to a wide variety
of specific applications. 1In the following chapters the theoretical
aspects of the basic design are considered first with a stage-by-stage

analysis. Also considered from a theoretical point of view are feed-



back, input, and output (load) configurations, and the frequency spec-
trum of the pulse-width-moduvlated signal. From this material a practical
design procedure is formulated. This procedure is then employed in
the design of a 150-watt amplifier. The results of actual performance
tests made on the amplifier are also presented.

The block diagram of the basic class-D amplifier design developed
is shown in Fig. 1l-1, The input stage amplifies the difference voltage,
a signal proportional to the difference between the input and feedback
voltages. This provides a control voltage to the pulae-éidth modulator.
The modulator, driver and output stages each have two separate, but
similar circuits, referred to as the "P" channel, which/recpondo to
positive control voltages and produces negative output voltages, and
the "N" channel which responds to negative control voltages and produces
positive output voltages, The polarity of the control voltage dct?tninna
vhich channel is to be activated and the magnitude of the control voltage
'determincn the pulle‘uidth produced by the modulator. The pulses
generated by the modulator undergo power amplification in the driver
stage and are coupled to the output stage, causing the output stage
to operate in the switching mode. The high-power pulse aignnl generated
is filtered to provide an analog output voltage, e,.

Some of the features possessed by the basic ampliifier design
presented are: (1) the capability of producing botﬁ a-c and bipolar
d-c output voltages (a d-c voltage of cither polarity); (2) e maximm
power output of several hundred watts without significant departure
from the basic design; (3) overall dwc efficiency of $0% at maximum

pover output with efficiency remaining relatively high over most
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of the range of power output; (4) very low quiescent power consumption;
and (5) input and output circuitry adaptable to a wide variety of signal

sources, loads, and feedback configurations.



2, INPUT STAGE

The input stage is a high-gain operational amplifier with local
feedback, connected such that the stage {s a non~inverting smplifier.
A schematic diagram of the input stage is shown in Fig. 2-1., The
pftmnry function of the input stage is to provide the complete class-D
amplifier with a high open-loop voltage gain, In addition, the input
;tage provides the complete amplifier with a high-impedance input and
slso provides a convenient ﬁeans of introducing frequency compensation
for stabi;ization of the complete amplifier.

The didden Dy1s Dyps Dy3 and Dy, may be disregarded in presenting
the theoretical operation of the input stage. Their function will be
discussed later in the chnptei. '

For the ptelentatiqn of the theoretical aspects of the input stage
the operational amplifigi, 511' will be assumed to have infinite input
impedance, zero output impedance, and infinite voltage gain. Two very
4important restraints are usually assumed for the input terminals of
an ideal operational amplifier. First. no current flows into either of .
th@ input terminals; and second, when negative feedbacﬁ ie applied
around an ideal operational amplifier, the voltage between the input
terminals will approach gero.l

Referring again to Fig. 2-1, it may readily be seen that if no
current flows into either imput terminal, then no current will flow

at the terminal marked e4. Therefore, the input impedance of the input

5



Fig. 2-1--Schematic disgram of the input stage.
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stage 1s infinite for the non-inverting configuration shown. Such
would not be the case 1f an inverting configuration were used.

The voltage gain of the input stage may be derived from the circuit
of Fig. 2-2, Since local negative feedback would tend to make the
voltage between the input terminals equal to zeroc, both inputs are

at the same potential and the current 1 is given by

1 = 24
R1y

The output voltage of the stage is called the control voltage, e, since

this voltage controls the pulse-width modulator. This voltage is given

by
.C - 1 (Rll + 312) .

Thus the voltage gain of the input stage is given by

e Ri1 + R
4 R

The input stage is designed to use an integrated-circuit operational
amplifier, although a discrete-component operational emplifier may be
more desirable for some applications. Regardless of what type of opers-
tional smplifier is used, it will have less-than-infinite input impedance
and less-than-infinite voltage gain, 7Taking into account these two

departures from the ideal, the input stage msy be represented by the
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Fig. 2-2--8implified schematic diagram of the input stage.



_eircuit of Fig. 2-3.

The loop equations are

eg i (R;+Ry)) -1’ ”yy
e = -1 Ryy + 1/ (R11 + Ry2)

vhere R; is the input resistance of the opcuttoml amplifier. Other

relations are
e =1 Rl.
and
e, = Aey ,

where A is the volngb gain of the operstional amplifier. From these

relations the input resistance of the input stage is

(R11 - AR})

R, = & « Ry4Ryy-R 2.2)
1 1 A T L™S) (
The input stage voltage gein is
A . ' (R11 + R12)
ed S+ @I+ R By Ry - ARy
ARy ARg

(2-3)
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Fig. 2=3.--A circuit model 6! the input stage
sssuming & non-ideel operational smplifier.
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These relations predict the performance of the input stage using a
practical operational amplifier. ‘

An operational amplifier for this application should have the following
features: high input impedance; high npen-loop voltage gain; low offset
voltage; low quiescent power consumptiun; and a symmetric, bipolar out-
put with ample voltage swing to drive the pulse.width modulator. Another
desirable feature is a provision for external frequency ccmpensation net-
works which may be used to altei the frequency response of the input stage.
This qakea it relatively easy to stebilize the complete amplifier.

The zener diodes, Dyy and Dyy in Fig. 2-1 limit the maximum output
voltage of the ampiifier, Aﬁ. The phenomenon of latch-up {s avoided
by limiting the output of A1} to & value lens than that which causes
the input transistors of Aj; to saturate. Du and D;, should be chosen
to have a zener voltage greater than the voltage n;cded to 'obtain maximum
pulse width from tﬁe modulator, and less than the saturated output
voltage of Aj;. Diodes Dy; and Du,. limit the maximum voltage across the
input terminals of Aj;. This prevents damage to the input stage if
extremely large voltages are applied to the input of the amplifier.

A characteristic of importance in the application of the operational
emplifier is the offset voltage which is defined as that voltage required
st the input of the open-loop amplifier to produce & zero output voltage.
It has been shown in the literature that the offn?t voltage remains aboui:
the same when the smplifier is operated closed loop.2 Thus, for an

offset voltage of 1 mv and an input stage gain of 1000, it is expected
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that the control signel (output of the input stage) would be about 1 volt.
As will be shown in Chapter 3, the effect of this offset may be cancelled
by proper adjustment of the modulator, if the control signal with zero
input is less than two or three volts., However, the amplifier described
in Chapter 9 employs & nulling circuit recommended by the mlnufgcturer

to eliminate the offset.



3. PULSE-WIDTH MODULATOR

The class-D émpl@fier output stage requires a driving signal which
contains the informatfion of the input signal and wﬁich will also cause
the output transistors to switch quickly from saturation to cutoff. The
modulator shown in Fig. 3-1 produces a pulse~-width modulated signal
which, after amplification in the driver stage, is applied to the output
stage.

There are three basic types of pulse-width modulation. In one type
the leading edge of the pulse is fixed at recurrent intervals and the
trailing edge is modulated., 1In another typé the trailing edge is fixed
at recurrent intervals and the leading edge is modulated. In a third type
both édgen‘of the pulse are modulated. The modulator desétibed herein
uses double-edge modulation.

This moduiator is composed of an astable multivibrator which generates
a triangular waveform, and two comparators, one in each channel, which
generate the pulse-width-modulated signal.

Three linear integrated-circuit operational amplifiers with symmetric
bipolar outputs are used in.the design, |

In Fig. 3-1 Apq along with Rp3, Rp4, Ryg, and Cy; form an astable
multivibrator which functions as a triangular waveform generator. Fig.
3-2 is a schematic diagram of this section of the modulator. The voltage
waveforms of interest are shown in Fig. 3-3. Amplifier Ay, has a very

high gain and 1s driven into saturation when a very small difference

13
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in potential exists between its two inputs. The output voltage, eg, of
A2q is'negative when the inverting input is positive with respect to
the non-inverting input, and positive when the inverting input is
negative with reapecé to the non-inverting input. The magnitude of
the output voltage 1is E,.

Assume that the oscillator has been operating a long time and that
ehe output of Ayy is positive at + E; as shown it t =0 in Fig. 3-3,
A portion of the output voltdge is fed back to the non-inverting 1npu£
by the voltage divider composed of Ry, and Rys. The voltage at the
inverting input rises exponeﬁtially toward the output voltage at a
rate determined by the time constant Ryq Cyj. When the voitage at the
inverting input becomes positive with respect to that portion of the
output voltage app:aring at the non-inverting input, then the amplifier
will quickly change states and the output becomcl‘negucivu. The voltage
on capacitor Cy1 now begins to approach -Eg, exponentially. The/véltagc
on the capscitor continues to change until the non-inverting input is
slightly positive with respect to the inverting input. Then the outpué
voltage again changes states to + E;. This sequence repeats itself at
& rate determined by the RC-time constant and the portion of the output
voltage that 1is fed back to the non-inverting input. In this manner &
triangular waveform of constent freéuency is generated at the inverting
input.,

The frequency of the triangular-wave generator is derived as follows.
Assume that the oscillator has reached steady-state operation and the
output voltage has changed from negative to pcsiti;o at t = 0, For

the period of oscillation T, the triangular waveform for 0 <t < T/2
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is given by

' t

“R25 Eq ( R2s ) ( - ——

e (t) ' + {1+ %24 + 725 Eg{1l-¢€¢ Ry3C21 )
Ryy + Rog

(3-1)

and for T/2 < t £ T,

Y - _-t-— .
‘t(t). ‘_3_2_5_5;__. (1+ R2s )E,(l-t R23°21),
(3-2)

The derivation of these expressions assumes that the input impedance
of Ay is infinite.
‘ For simplicity in later derivations we define the irolcc;c division

factor, K, using

Ras . 1. (3-3)
Ryq + R2s5 K
Also,
Ra4 + Rzs K

wvhere !Pk is the peak value of the triangular waveform. Using (3-3) and
(3-4), (3-1) and (3-2) become, for 0 < t £ 1/2,

- —-L—
Ct(t) =K B - !Pk(x"' 1) e Ry3C21 (3-5)
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and for /2 <t £ T,

t
Ry4C21

) = KEL+E, K+De (3-6)

The piriod of oscillation 1s determined from (3-5) at t = T/2
we know that e (T/2) = Epx. This yields

T = 2R3 01 ln(‘%{"%) . (3-n

Therefore the frequency of oscillation of the multivibrator is,

1 .
£, = (3-8)

2 Rgs C21 z.(.:__t_:.)

Referring to Fig, 3-1, amplifiers Ay and Apq function &s comparators
for the P-channel and N-channel respectively. Fig. 3-4 presents éhn
basic comparator circuit for the P-channel. The wavefoins associated
with its operation are shown in Fig. 3-5. For purposes of discussing
the operation of the comparators, the triangular vaveform e (t) is
assumed tc be perfectly triangular.

The et(t) is summed with the control signal, cc(t) from the input
stage, ncc'ordtng to (3-9) below, and applied to the non-inverting input
of A,

e (t) + ec(t) (3-9)

Re + Re Ry + Re

ep(t) =
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E,
Pig, 3-4,--Schematic diagram of the basic comparator
eircuit.
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Fig. 3-5.e-Waveforms cuocntcd with the opnutio. S
the comparator circuit.
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A positive reference voltage, E,, is spplied to the inverting input of

A through Ry, When ey(t) 1s positive with respect to E;, the output

of A is + E;. When ep(t) is negative with respect to E;, the output

of A is ;Ep. If the reference volu;cl is adjusted so that it is

slightly greater than the peak of ey(t) with the control voltage e (t) = 0,
then the output of A is a constant, «Ep, as shown to the left of

t = t1 in Fig. 3-5,

If ec(t) is a voltage step applied ;t t = t1 as in Fig. 3-5, then
the voltage at the non-inverting input, ey(t), is positive with respect
to the reference, E,, for a length of time, T, which is proportional to
the magnitude of the voltage step. Therefore, the output of A is + tp

~for the length of time that en(t) > E, and -E, for all other time. |
Pulse-width modulation is accomplished since the magnitude of

the control signal, ec, determines the width of pulses appearing at
the output of A. The N-channel operates in & similar manner with the
exception that a negative reference is applied to the ndhiwerting
input and the conttoi oigml sumned with the triangular waveform is
applied to the inverting input. Both channels then produce positive
pulses.

When & positive control signal is ﬁoncnt. the N-channel output
remains & constant negative voltsge. Similarly, for mntivn inputs,
the P-channel output remains negative, -

It should be noted that in the complete schematic of the modulator,
shown in Pig. 3-1, all redundant summing resistors in the comparator
section were eliminated. The remaining summing resistors are equal,with
the symbol Rz, Under these conditions, and assuming that Ryg and
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the output resistance of the input stage are both smaller than Ry,,
(3-9) becomes

() = 2 er(t) +1 ec(e). (3-10)

The reference voltages are derived from the voltage divider networks
composed of Ryg and Ry, The capacitors labelled Cp are used to
maintain a constant reference voltage, Zener diodes Dp; and Dyy limit
the control signal, e, and hence limit the maximum pulse width. This
is a necessary feature which prevents the output stage from being driven
beyond the maximum designed pulse width. Resistor Ry serves as a
curvent limiter when the zener voltege is exceeded.

It may be readily deduced that there exists a relationship between
the megnitude of the triangular waveform and the "gain" of the modulator.
Referring to Fig. 3-5, if et(tgfis assumed perfectly triangular, then
the pulse width T is given by,

- T Re
(e ) G-

Note that if a grester pulse width is cbtained for a given control
voltage, e;, then an increase in the open loop gain for the overall
amplifier will result, since the overall amplifier output is proportional
to the pulse width. Thus, attenuating the triangular waveform and
correspondingly reducing the reference voltage, E., xesults in an

k]
increase in the ratio ;: . Therefore, the open loop gain of the complete



22
emplifier may be varied quite easily in the modulator,

A condition can exist in the amplifier for which small input signals
do not cause the modulator to produce pulses in either channel. This
is culled.dud-zone. This condition is caused by improper adjustment
of the modulator. This is illustrated in Fig. 3-6, 1If E, is made
greater t?un the peak value of ey(t) when e, = 0, then a dead-zone
results. That 1s, for control voltages less than the difference between
E, and e, (t) when e, = 0, no output pulse is produced.

Normally the reference level is adjusted to equal the peaks of the
triangular waveform, 'em(t), when the control voltage is zero. However,
if the input stage i:rodncu an off-set voltage (as discussed in Chapter
2), then the reference level can be adjusted to compensate for the offe
set. FPig. 3-7 shows the modulator waveforms when the input stage causes
a positive off-set. Under open loop conditions a series of pu}uu is
produced with zero voltage applied to the fnput stags.

In Pig., 3-8 the rc!culnec, B., has been adjusted to a new valve,
B}, in order to compensate for the off-set of the input stage. No
pulses are now produced with sero input to the input stage. Of course,
& similar adjustment of the N-channel reference voltage would also be
rcquirqd.

The linearity of the modulator is dependent on the waveshape of |
the m.@u: vaveforn, e.(t), and the constancy of the reference
voltage. Referring to Fig. 3-3 and recalling the discussion of the
astable multivibrator, one sees that e,(t) is composed of excursions
along an exponentisl curve which ‘u the potential on capecitor Cpy. The
portion of the cutput of Ay that is fed back to the noninverting input,
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Fig. 3-6--Waveforms in the modulator when the reference voltage
is adjusted to produce a dead zone.

Fig. 3-7--Waveforms in the modulator when off-set of the
input stage causes erroneous pulses,
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stage. '
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~R25 .1 R determiﬁes the peak voltage reached by e (t). As Ry,

RyutRy; K
and Rys are choscn such that the peak of e, (t) becomes smaller in com-
parison to E;, then the excursions of et(t) become better approximations
of straight lines, This provides improved 1i earity. Using (3-5),
{3-6), and (3-7), an expressioa is obtained gﬁr the exact pulse-width,

T, as & function of the control voltage e,.

K+ 1 '(K-I)Et-fl('ec}
) L

x - 3a
= Ryq €21 n| =1 (R+ 1) E; - K'ee (3-12)

where K' = R::Rt in Fig. 3-4, _Fof the schematic shown in Fig. 3-1,
K' reduces to K' = 1/2 since the resistors corresponding to R, and ng
(Rg2) are chosen equal, \

‘ 1f an error function is defined as the difference in the actual
pulse width and the pulse-width obfnined if a perfect triangular wave-

form were used, then this error, &, is given by

TX'ee <g+ N [(Kﬂ) Er + K'e ]
ams XK€ _po.cyytn( KEL x s |. (13
ZEr 23721 K- 1 (K'l) Er - K'ee

Percent error is

o' = 2EEx (100ny . (3-14)
T K'ec
This is an expression of the percent error as a function of the parameters
K and ec. All other variables are determined by the selected frequency

of oscillation and other considerations. The larger the value of K
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selected, the smaller the excursions on the exponential curve and, in
general, the more linear the pulse-width modulation. However, if the
triangular waveform is made too small, adjustment of the reference
voltages and the maximum pulse width becomes difficult. The percent
error is generally greatest for small values of the_cohtrol voltages,
Using (3-14) the percent error may be checked over the range of expected
control voltages for a given value of K. The largésc value of K that
provides an acceptable percent error should be used in order to simplify
adjustment of the modulator. For most applications letting K = 3 yields
satisfactory results with a exceeding 3% only for relat;vely small values
of »,., With negative feedback around the complete amplifier, the effect
of this error is negligible.



4. DRIVER STAGE

The‘driver stage of the amplifier amplifies the pulse-width modulated
signal to a level sufficient to drive the output stage transistors. It
provides a sufficient level of drive to keep the output transistéta in
saturetion for the duration of each pulse and provides & waveform that will
cause the output transistors to switch quickly, resulting in efficient
operation.

For brevity only one channel of the driver stage is described in this
chapter., As noted in Chapter 1, however, two separate channels are requiréd
to produce a bipolar output signal. A given driver stage will then require
two independent driver circuits.

For the purpose of describing the driver circuit, it is a:oumed,thac.
the output stage is in the simplified form given in Fig. 4-1. This simpli-
fied circuit is an accurate representation of the output stage for only
one switching cycle, because the actusl output circuit incorporates s
circuit which returns the inductor current to zero at the end of each
cycle. The complete output stage is presented in Chapter 5. The impor~
tant point to be understood is that when the output transistor is driven
into saturation ("on"), the collector current is e ramp due to the induc-
tor L,. 8ince the colléctor current is quite small during the turn-on
interval, very liitlc pover i3 dissipated during this transition. Thus
the only switching interval which contributes appreciably to power loss

is the turn-off interval. Each of the driver circuits to be discussed

27
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Pig. 4~l-<Schemstic disgram of a simplified
circuit for the P-channel of the output
stage.
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uses rapidity of turn-off as a criterion for judging performance.

The eollgctor current transients at turn-off are often described in
terms of the storvage delnf time, tgy, and the fall time, tg. These two
parameters are defined pictorially in Fig. 4-2, The storage delay time,
tg, is the time interval required for the transistor to respond to the
trailing edge of the driving pulse, The fall time 1s the time required
for the collector current to fall from 90 percent to 10 percent of the
saturated state value, The storage delay time and the fall time can be
shortened considerably by various methods. Circuit techniques that will
reduce one of these time delays will reduce the other also.

Vhen a trnngi:tor is operating in the saturated state, the base
current is usually greater than the minimum value required to saturate
the transistor. This results in storage of excess mino, ity carriers in
the base region during the "on" interval. The excess minority carriers
in the base must be eliminatid before the collector current can begin to
fell in magnitude., The elimination of excess minority carficrl may be
sccomplished in several ways. First, if the base is opqnpcircuitoé. then
the excess minority carriers in the base will recombine with excess najbrity
carriers at an exponential rate which depends upon the tocqmbination
tendency of these excess stored carriers. An alternative is to provide
a reverse base current, since it will partly consist of excess minority
carriers flowing back into the emitter region. For this case the storage
time will decrease with increased r'vtrlc'balo drive., Yet another method
is to lhbrt-clrcuit the base and emitter. Tiis results in & redistribution
of charge resulting in a return to quiescent conditions., A opeed-up

capscitor in parallel with the base resistor may be used to create a
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Fig. 4-2--The bese-emitter voltage waveform (a), and the
collesctor current waveform (b) for the output
transistor.
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reverse base drive at turn-off. The capacitor should be selected such that
the charge developed on the capacitor is greater than the total excess
chnrge stored in the base., This is usually done experimentally. When

the driving voltage drops, the capacitor discharges, quickly removing

the excess carriers. Ihil reduces both the storage delay time and the

:ull time. A direct-coupled driver circuit using & speed-up capacitor is
shown in Fig. 4-3. Only one channel is shown. Complimentary symmetry
could be used to develop a similar channel for bipolar d-c output voltages.

The effectiveness of this circuit in providing efficient switching
is largely thermined by the output transistors used. OCenerally, transis-
tors with low maximm current ratings have lower t, and tg than the higher
current units. With low-current transistors in the output stage the cir-
cuit in Fig. 4-3 will provide reasonably fast turn-off. However, presently
available higﬁ-curtent transistors cannot be switched efficiently using
the circuit of Fig. 4-3.

A second spproach to the problem of-achieving.fnlt switching of the
output transistors is to employ transformer coupling. Fig. 4-4 shows one
channel of a transformer-coupled driver. When the driver ﬁ:lnliitor. Q1.
is driven into saturation by the modulator, a pulse is coupled to fhe
base of U1 When Q31 is driven off b& the modulator, & transient condition
exists in the transformer which results in & reverse base drive voltage
spike which appears at the secondary terminals. This reverse spike removes
the excess charge stored in the base of output transistor Q41. The use
of speed-up capacitors Cq) and C,1 also aids in quickly turning off the

driver and output transistors, as discussed previously.



32

T —ﬁ

Pig. 4-3--8chematic diagram of a direct-coupled driver
and simplified output circuit.
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Fig. 4-b--8Schematic diagram of a
transformer-coupled driver stage.
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Transformer coupling allows the use of the same type power transistors
for both the N and P-channeis, where the previous direct-coupled design
required complimentary transistor types., This assures similar performance
of the two channels. The circuit presented in Fig. 4-4 has been used
successfully in each channel of the basic amplifier with high qu.lity
output transistors having peak collector currents up to 10 amperes.

The transformer-coupled circuit of Fig, 4-4 may prove to be inadequate
@n effecting efficient turn-off of power transistors rated at more than
10 smperes, as higher-raced units often have correspondingly greater
minority-carrier storage. Also, 1f economy dictates the use of slower,
less expensive transistors in the output stage, some other form nf turn-
off may be necessary.

A third driver circuit which prﬁvide. efficient switching is shown
tn Pig. 4-5. This circuit is basically the same as the transformer-
coupled circuit of Fig. 4-4. However, an extra winding has been added
to transformer T3 to be used as a "shorting"” circuit, When the output
of the modulator is positive, transistor Q32 is not conducting and a
positive pulse is delivered to the base of Q41 as before. When the modula-
tor output goes negative, Q31 is turned off and Q37 is driven into satura-
tion. However, at this time the transient condition in the transformer
causes diode Dy} to be reverse-biased. When this transient dies out,

D31 becomes forward-biased and the base and emitter of Q41 are oa:enci‘lly
short-circuited. The charge stored in the base of Q4 is quickly removed,
allowing the transistor to switch quickly. Note that this technique

requires no additional power from the power supply, and uses two of the
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Fig. 4-5--Schematic diagram of a transformer coupled
driver circuit with & "shorting circuit.”
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turn-off techniques in sequence.

Amplifiers designed to produce over 100 watts maximm d.c. power
output have been built using this type of driver circﬁit. Effici ncies
improved from 3 to 6 percent over a transformer-coupled driver stage
without the shorting circuit.

The success of this driver circuit depends on the design of the
transformer. The transformer design should dictate core material and
size, turns ratio, inductance requirements, and wgre sizes. Powdered-
permalloy toroidal cores were used for the driver transformers. Core
material and permeability were selected to give a high Q at the switching
frequency. Refer to Fig, 4-4, the bagic transformer-coupled driver circuit.
To determine the driver transformer turns ratip, %%_, one must first know
the base-emitter voltage and the base-current required to keep the output
transistor in saturation at the time of maximum collector current. (These
quantities are designated Vpg and Iz.) Ry, may be selected to be some
convenient value, approximately equal to !!ﬁ . Then the voltage

Is
appearing at the secondary of the driver transformer must be,

e; = Vpg+ Ip R41. (4-1)

Also, for Fig. 4-4, when Q1 is saturated

MoL,a o n,,,, (4-2)
Nz e ez .
n Y1 (4-3)

N2 Vae + Ip R4y
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The number of turnsvrequired for the auxiliary "shorting winding",
shown in Fig. 4-5, is not critical. However, since the voltage that
appears at the secondary of the driver transformer is the base-emitter
saturation voltage of Q41 which is usually between 1.0 and 1.5 volts,
the ratio of fhe number of shorting winding turns to the number of trans-
former secondary turns should be greater than one to assﬁre'thac the voltage
appearing across the shorting winding will exceed the threshold voltage
of the diode Dj;, when the shorting circuit is in operation. The resistors
R3; and Rqy are determined by the output of the modulator and the transistors

chosen for Qi) and Q.

E, + V
.R31 s opt YBE (4-4)
Iy

where Vgp and IB refer to Q3p. Similarly,

= m (lp- 5)

R
32 1,
where Vgp and Ip refer to Q33. Yote that Vpp and Ip are negative quantities
for a PNP transistof.

It is preferred that the pulse t:ansfofmer have large primary and
secondary inductances in order to transfer the driving pulse with little
distortion. An analysis of the transformer equivalent circuit as shown
in Fig. 4-6 will yield a relation between component values and expected
performance. The pulse source is approximated by an ideal source and

switch with series resistor, Rg. In Fig. 4-6(b) the source is referred
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Fig. 4-6--A simplified equivalent circuit of the driver (a), the equivalent
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waveform (c).
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to the secondary. Leakage inductance and winding resistancc have been
neglected as well as winding capacitance. The magnetizing inductance

is approximately équal to Ly, the secondary inductance. The current i,,
delivered to the load is of interest. The ratio of minimum to maximum
current in each pulse is designated g, as defined by Fig. 4-6 {(c) and
can be used as a measure of the abiiity of the transformer to sustain

a pulse, For 0 € t € Tpay, the secondary current is given by

(%)
r N -
12 - gs 1

Thy (e
Ry + R
vt % xi )
The current ratio, g, is therefore
{9 (Tmax)
2 \"max (4-7)
1,(0%)

where Ty, 15 the maximum pulse width to be encountered, This may be

written as

Tmax

g = ¢ “lﬁ;(‘@z +§.ﬂ . (4-8)

In designing a transformer the parameter g should be specified,
"indicating the maximum allowsble decay of tﬁe secondary current. From
(4-8) the required secondary inductance, L, may be obtained in terms

N
of FZ-
by other circuit requirements. Solving for Ly ve have,

» Tmaxs 8 Rgy and By, all of which are either specified or determined
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L,

fmx .
(=) m G & ]

For the circuit of Pig. 4-4,

Ry = Rgar
'/
RL 8414' .I..B.E
B

vhere RSA’I is the collector-emitter saturation resistance of the driver
transistor and Ip is the current required to keep the output transistor

in saturation at maximum eollector current, Thus,

Ly e : -9
(zn %)'.iéﬁ' ('ﬁ:)' 3414-\’331
I

Also of interest h the peak primary current., By referring the
load, Ry, in Fig. 4-6(a), to the primary, a derivation of 1] for
0 St < Ty vields

. R. R1, g}' z
Eg
1)(t) — ii )2 € ‘. (Nz) " ]

By . 22 oe " 1 (4-10)
h R ]x"" 215) RLJLI '
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The maximum vaiue of 1; occurs at t = Tpey and may be found from (4-10)

by making the following substitutions,

Rg =Rgar »

the collector-emitter saturation resistance of Qy;, and

vwhere Vpp and Ig refer to Q;y for maximum designed collector current,

Thus, an acceptable driver transformer may be designed using (4-3)
to determine the turns ratio, and (4-9) to determine the secondary induce
n.nce. while the peak primsry current may be determined using (4-10).

The required base resistors may be determined using (4-4) and (4-5).

Three driver circuits have been presented here. The simplest circuit
utilizes direct coupling with a lpu‘dup capacitor used to improve turn-off,
This circuit is suitable for low-power applications. The second ecircuit
discussed uses transformer coupling. This circuit should be used when the
storage time and the fall time of the output transistors have a significant
effect on switching efficiency, For amplifiers designed to produce over
100 watrts, it may prove sdvantageous.to use the thtﬁ circuit described.
The third design uses transformer coupling with an additional winding
used in & "shorting"” circuit. Although the circuit produces an improvement
in efficiency, in some applications the designer may not feel that this
improvement warrants the additional circuitry required, The degree of

iuprovement and the value of the shorting circuit should be determined
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for the particular amplifier under consideration., The design example in

Chapter 9 utilizes the third design.



5. OUTPUT STAGE

The cutput stage must perform two functions. First, it must produce
power amplification of the pulse-widthemodulated signal from the driver.
8econdly, the output stage must demodulate the pulse-width-modulated
signal to prpduee &n output signal which 1is as nearly identical as possible
to the original input signal, For this latter function the load may be
used to provide some filtering.

A very simple output circuit which would perform Soth of these
functions is shown in Fig. 5<1, The driver circuit produces & pulse-.
width-modulated signal of sufficient magnitude to drive Q1 into satura-
tion for the duration of each pulse. When Q,; is in saturation the load
is essentially connected to the power lupply.'vg. The result is that the
time-averaged power delivered to the load 1s proportional to the signal
at the input of the overall amplifier, If the pulse ( or switching)
!r;quency is reasonably high and if the inductive component of the load
is sufficiently large then the inductive component of the load will pro=
duce sufficient f;ltering of the output pulse signal., This technique
may be adequate for.londo such a&s motors,

Of course, the eircuit of Fig. 5-1 will produce only positive output
_ voltages, A bipolar output would require another driving signal, snd
another output transistor operating from & negative supply to the load.

There are several drawbacke to this circuit. Losses in the transistor,
during the switching interval, are relatively large. The efficiency of
the circuit is often less than could be obtained with a clasa-B circuié.

Large voitage spikes (due to the inductor) at the collector requice high

43
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Pig. 5-1--Schematic diagram of one channel
of a simple output circuit.
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voltage transistors or some means of suppression. While the inductive
‘ load may be designed to provide adequate fiitering, some high-fréquency'
roll-off is inevitable,

Fig. 5-2 shows the basic class-D output circuit developed. This
circuit incorporates two important features. The first feature is a
¢lamping diode, D;), ahead of the inductor, L. Hhen'Q41 is driven "on",
D41 is reverse-biased, current flows in the inductor, and energy 1’.
stored in the magnetic field of‘the inductor. When Q4 is driven Yoff",
the voltage across L, changes sign, forward bi-stng'nbl. With D4y for-
vard biased, L, is essentially connected across the load and the energy
stored in the magnetic field is transferred to the load. Addition of
this clamping diode can add 107 == 407% to the circuit effidiency. tho
second feature is the low-pass filter formed by L, and c;z. The capnc;ior
C47 may be selected to provide a relativcly good analog ouﬁput voltage
with low ripple. Thus the load need not provide filtering. The filtered
output eignal proves especially desirable where harmonics of the switching
frequency may cause considerable interference. It should be noted that
the direct-coupled circuit of Fig. 5-2 i»s unipolar; an output voltage of
only one polarity msy be produced, A bipolar output circuit with an
improved clamping circuit is presented on page 67, however the present
circuit provides th? required model for analysis.

Fig. 5-3 is a somevhat simplified reprelentution‘ofirig. 5.2 with
the transistor and clamping diode replaced by a rotary switch, If it
is nilumad_thnt the driver pulses have remained of the same width for
several pulses, then steady-state conditions will exist in the output

eircuit. Fig. 5-4 shows the inductor current, 1,(t), and emitter voltage



46

v
‘-——-{d«
Il T0  ORIVER i
S — .
€ Le
Oa 2& ~Ca Re
= + 4

FPig. 5-2--Schematic disgram of a single-channel output
circuit with a clamping diode and filter capacitor.
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Fig. 5-3--Simplified schematic diagram of the
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voltage (b) for the circuit of Fig. 5-3.
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ee(t), waveforms for the output circuit under steady-state conditions.

The following description details the sequence of events in the
operation of the output circuit. At t = 0 the transistor is driven on
(saturated) and the diode is reverse-biased. This cortesponds to
position 1 of the rotary switch., 1In Fig. 5-4 (b) the emitter roltage
now approximates the supply voltage, V+. Since the clamping diode
provides a zero initial condition for the inductor current, and since the
on-time (pulse-width), T, is small compared with fhe time constant of
the circuit, then the inductor current, 14, approximates a ramp which
begins at t = 0 and which rises to some peak value Ip, during the time
that the transistor is on, After T seconds have elapsed, the transistor
is driven off and the inductor voltage (ea in Fig. 3-3) ieverses polarity
f.0 oppose the change in current flow., This polirity reversal forward-
bisses the diode and corresponds to position 2 of the rotary switch.
This places the inductor in parallel wiéh the capacitor and load. The
energy stored in the magnetic field of the inductor is now transferred
to the capacitor and load, and the inductor currvent is a decaying ramp
during the clamping time, T'. When inductor current ceases to flow at
t =T+ 1", the {nductor voltage becomes zero, and the diode is reverse
biased as the emitter voltage becomes'equal to tﬁe output voltage, E,,
for an inteerl called the dead-time, T". The arrival of anothef driver
pulse at t = T begins another cycle. The pericd T is equal to the
reciprocal of the switching frequency, £g.

In switching zircuits of this type the majority of the power loss

occurs during the switrhing transitions, This i{s due to the simultaneous
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cunnhlhatinn of large collector current and larpe colle?tor-?mitter vola
tage which onccuss bricfly as the device Changca states, The use of the
fnductor ly, as shown in Fig, 5-2 causes the collector current to rise
slowly vhile Q4 is being switched from the "off" state to the “on"
state., This practically eliminates any power loss during the turn-on
interval, It also ecases the driver requirements because the driying
pulse rise time {s not critical, alnce‘éollector current s nearly
zero at turn-on.

Equations describing the operation of the output circuit will now

be durived, Referring again to Fig. 5-3, the inductor voltage is given by

0 = :.,,%‘.ﬁ--e°+v2 0<e<s (3-1)
. |

e = L, i . -e, T<t<t+7 . (5-2)

e, -_r.,,i’-‘-‘x-o T+ <e<?T (5-3)

Since Ry C49 > > T, if the pulse width T has remained constant for several
cycles, then steady-state conditions will exist and e, = E,, a constant.
The solution for the fnductor current, i,, is obtained by integration

of the preceding equations, vhich yields

Iy
1 = = .'..o.t... m e<t<s+ (5-3)
Ly

f, = 0 T+ <<, (5-6)
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The peak current, Ip, in the transistor and clamping diode may now

be found. The peak current is given by (5-4) at t = %,

V3 - Bo) o (5-7)
Ly

Ip =

The clamping time may be found using (5-5). Since at t & T + 7',

the inductor current becomes sero, then

fg{c+ ') = 0 = & .‘.n('r-o-w')-a- h/AS

The clamping time 1is then

V2 - Bo) o, " (3-8)

By

,'

Using (5-7), the clamping time may also be written as

L A Lylp (5-9)
‘0

The dead-time, t¥, 1is defined by the equation
™ = T.(s+Y)., (5-10)

Through the use of (5-8), the dead-time may be written as
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v
™ e [—3—} : (s-11)
(]

Th. average supply current, I,, is the time-averaged integral of

the emitter current over the on-time, €T,

[, » & f e g o B, (5-12)
T vy v 27

The average output current, I,, is the sum of the time-averaged
.integral of the emitter current over the on-time, ¥, and the time-

averaged integral of the clamping diode current over the clemping time, %'.

T4n!

3
:,-% f;:,-g«»%\/;x,(l-igr-)d:
I ¢ ‘I' ¢
To ® i z’r
2 T
Ip (t + ¢'
1, - _:..:.;_:_’ (519

One significant quantity has yet to be determined; thet quantity
{s the output voltage, B,. .vntortuunly. E, is not a linear function
of the on-time, ¥. A most useful expression uuungkt, to T and
several ‘wmuu may be derived from an ozptuu'm\ for the output
on;cv cffichncy. A
‘ The output stage efficiency, Ny is the ratio of output power to the
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load P,, to input power, P,, from the power supply which is connected

to the output stage. The output power may be written as

g 2
0

Po @ oo (5-14)

Ry,
and the input power mav be written, using (5-10) as
Vg Ip ¢ -
27T
The output stage efficiency may now be written as
2
P .!_?..
no - ‘-o' - -——RL—
2T
Using (5-7),this may be rewritten as
2
Eo (2 T L)
T *
12 Ry, Vz(Vz - !o)
vhich may in turn be written as a quadratic equation in E,,
; . . " )
2 ¥ o Yy ¢ R
'° * 2 ‘o - -L—-tu.—'-.-g - o. (,'16)
2Ty 217 L4

This equation may be simplified by normeliging the output voltage to
the supply voltage as



E - - » (5‘ 17)

by defining a duty cycle, 4, as
A = .‘;-, , (5-18)

and by defining certain parameters as a lumped constant

Mo Ry, T

2 . (5-19)

'uung these definitions, (5-16) may be n-wﬂtui\ as

g2 + (-9-> alg (q)A?-o (5-20)

A plot of this function is useful. The lower 1imit of B, as defined
by (5-17), is gero, as the output voltage could not have & polarity
different from the power supply. The upper limit of E approaches one.
Re-writing (5-11) uun; (5-17) and (5-18) yields

™ - 1{1-%]. (3-21)

Prom this it is clear that if A< E, then ¢ 2> 0. This corresponds
to the drsired mode of operation as disgrammed im Pig. S-4. Note that if
A >, then t" < 0. In the context of this analysis, & negative dead-
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time would simply mean that the inductor current did not return to zero
before the beginning of the next cycle of operatfon. Such a& condition
would_ result in an initial step in collector current at the beginning of
each cycle, This ja a slightly less efficient mode of operation, as
explained caﬂler. Therefore, the upper 1limit of E will be set by the:
condition E = A. This assures that the inductor current will be zero
et the beginning of esch cycle. A plot of (5-20) with l_;', as & parameter
for 0 € E < A is shown in Fig. 5-5. The preceding equations and Fig.
5-5 provide the necessary information for a complete analysis of the
performance of a given output circuit,

In order to simplify the design of an output stage for a specific
application, certain.releationships may be derived. The fixed parsmeters
for this design problem will be sassumed to be the maximum output voltage:
(max £,), th§ load resistance (Ry), and the u‘ppcr cut-off fw {£es.
In Chapter 7 ie is shown that, given f£,, the switching frequeiity (i)
tay be specified. Since T is the reciprocal of f£4, a given value of ‘2
fizes the period, 2. S8ince the cutput circuit efficiency (no) varies
1{ttle over most of ch; range of operation, 1, may also be assumed e
fixed peremeter. This means that for a given design problem the value
of max B, 10 & coﬁnnn: and the value of "a" 18 a constant, as defined
in (3-19). There remain but two pa_rmtoﬁ vhich may be adjusted to
optimize the operation of the output circuit; these are the inductavce,
14 0ad the power supply voltage, V5. Equations will now be obtained which
will relate the ocutput circuit performance to these two design varisbles.

From Pig. S-S note that max E, occurs wvhen B = A, Therefore, vhen
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E = A (5-17) may be written as

max Eo
V2

Substituting this relation into (5-20) yields,

Vo . 1

max Eo . 1. %?

s (5‘22)

Tﬁin equation shows that, for a given design, the choice of a particular
value for V, will denote the required value for L;. This relationship
1s depicted in the graph of Fig. 5-6, which is a plot of (5-22).
Another relationship which {8 necessary for the design is one
between the peak current and the duty cyclef By rewriting (5-7) the follow-

ing expression may be obtained:

1p = (‘12_'_53)‘ ("”)(1._

Ly

Ip = -v?-%-) (1 - E)A_. (5-23)

It (5-22) is solved for Vp, and if (5-19) is solved for T, the substi-

tution of the resulte into (5-23) yields,

' 28 1 a (max E,) :
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This expression for Ip is probably the easiest for computational
purpoﬁes since simultaneous’values of E and A may be read from Fig. 5-53.
However, if (5-20) is solved for E, and this solutfor is substituted

in (5-24), the following expression for Ip is obtained: 8

1/
( Mo RL ]Ip" A{z-o-(fz.'lz)_L(;&AZ)ﬂa(&ai'/ .}
T : , s
max E, 2(%) <1--,;L3/‘
(5-25)

The maximum value of the peak current with respect to the duty
cycle may now be found., Assuming that the values of all output circuit
parameters are fixed, the peak current, Ip, as given in (5-24) will be

directly proportional to som
1 = A(1-E). (5-26)

Again assuming that all output circuit parameters are fixed, this expression

may be maximized with respect to A as follc s,

"1-B+ D £ .0

Bl

On solving this equation, the following condition is obtained for maximum

1 with respect to A.

:-% - {1-8F) ., (5-27)
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Differentiating (5-20) with respect to A yields

. ‘ -
a . 2(d) Gp (0
da 2E + (—iz a2
Equating the right-hand sides of (5-27) and (5-28) yields

[ ]
[ ]
N

( ,% ) a2 (5-29)

Thus Ip (which is directly proportional to I) is at its maximum value
wvhen (5-29) is sacisfied. Substitution of the right-hand side of (5-29)

for E in (5-20) shows that Ip is at its maximm value when

A - 2, (5-30)
3 (7
T4

. r

.

which, in (5-29) corresponds to the condition

”
[
win
.

(s-31)

Checking this result with the curves of Fig. 5-5 shows that the aibitnry
limit of B = A precludes the satisfaction of (5-31) for Ly > 0.33a. When
L, > 0.33a, the largest value of Ip occurs vhen R = A,

Fig. 5-7 is a graph of (3-25) for various values of the parameter
Ly Note, however, that tho_ value of the narameter _‘i has been

a
replaced by the corresponding value of ;—:3-;; as given by (5-22).
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i‘
max Eo

becomes smaller than 1.50, the largest value of the peak collector
V2
max E,

Some significant conclusions may be drawn from Fig. 5-7. As

current increases considerably. However, as becomes gfeater

than 1.50, the largest value of the peak collector current remains the
seme, and occurs vhen E = 4, Referring back to Fig. 5«2, it is eafiily
deduced that as the power supply voltage increases, the collector-emitter
breakdown voltage rating of the transistor must also be increased to assure
reliable operation. .Fot many cases the optimum combination of lowest

collector current and lowest collector-emitter voltage may be obtained by

selecting
Vz ~ 1030 max xoo (5‘32) -

For convenience, Fig. 5-5 was replotted as Fig. 5-8 with the paremeter

changed to —A— using (5-22).
wex E, '

While the circuit of Pig. 5-2 hes been completely adequate for analysis
purposes, it is obvious thet the clamping diode will be e shorte-circuit
for negative output voltages. For e bipolu" output voltage the clamping
circuit must be modified, A ‘prnctical clamping circuit ie shown in Fig.
59, |

Comparing Fig. 5-9 with Pig. 5-2 reveals that a "elamping" winding
has been placed on Ly, resulting fn T,;. During the clamp-time, T', the
clamping winding drives Q43, the clamping transistor, into saturation,
effectively gmnﬁng the anode of Ds1. The clamping diode, D4y, 1s

still tdqntred. since a short-circuit to ground would exist for positive
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output voltages, through Ehe clamping winding, R;2, and the base-collector
Junction of Q4.

The number of turns required for the clamping winding is determined
in the following manner. The maximum voltage which will appear across

L, (the primary of Ty4)) is
% max " | V2 +mexEg) (5-33)

This occurs when Q) is saturated with a negative voltage present across
C42. The maximum voltage across the base-emitter junction of Q,y will
be

% max ® -:::.‘m (5-34)
where N, is the mmder of turns on the primary of T,) and N5 is the number
of turns on the clamping winding. Since eg ,,, must be less than BVpp
the base-emitter breskdown voltage, for Q42, the upper limit on the
mmber of turns for the clamping winding is given by

®s max < 3Vm
M, BV

| V3 + max B,

max ¥, (3-35)

Ssferring back to Pig. 5-3 it may be noted that, during the clamping
interval when the switch is in position 2, the inductor voltage is
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fegl = [e,l T<t<T4, (5-36)
The voltage on the clamping winding will be
logl = 2 el (s-37)
Ny

In order to obtain adequate bn.e drive for Q,3, the case for maximum
collector current will be considered. The maximum collector current will
be max Ip, and a cqrrupondin;' max’wm value of the base current, max ig,
will be required to saturate Q,,. Under these conditions the emitter-
base voltage of Q,, will take on some maximm value, Vag. Thus, to saturate
Qa2, e5 must be | ' ‘

les] = Imex 15 Ryp + Vpgl (5-38)

and Ng is given by

N, |max § + V
a5 - 5 |mex g Ryo + Vpe| ' (5-39)

| wax Bl

The output capacitor, 543, (Fig. 5-9) in parallel with the load, Rys
acts as & low-pass filter. Por many applications tlien exists some lati-
tude in the choice of C42; however, there are limits.

/ The upper limit on the value of C,, depends upon the desired upper
cutoﬂ‘tre‘q’uomy, £y, for the smplifier. The value of Chy which would
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result in the desired _fz is

The lower limit on the value of C,, depends upon the amount of ripple
which is alloweble at the output. If better filtering 1s desired a more
elaborate fuut'ouch as a n-ucgion could be used in place of the
capacitor, Cyg. |

The schematic disgrem of a complete outbut stage 1is ghown in Fig. 5-10.
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6. AMPLIFIER CONFIGURATIONS

A block diagram of a basic class-D amplifier was shown 1n Fig. 1-1,

In discussing ampiifier copfigurations a more convenient diagram is desired.
As will be seen later, the input stage is shown in schematic form because
of the mdlgiple function of some of its components. The remainder of the
amplifier is represented by a single block.

As previously presented the amplifier was desigped with a P-channel
vhich responds to positive inputs and produces a negative output and an
N-channel which iesponds to negative inputs and produces a positive out-
put. Thus, this section of the amplifier can be represented as a block
with gain -A. ‘

Ideally.'any amplifier used as an operational amplifier should have
infinite gain, infinite input impedance, and gero output impedance,

0f course, in practice such characteristics cannot be obtained.
However, it has been shown elsevhere! that derivations of gain and impedance
levels assuming ideal amplifiers predict quite'acgurately the performance
actually obtained ffom physical amplifiers {f the following open loop

" characteristics are met:

Ay 2 10,000
2,2 50 KR

Zoue S 100 0

All of these requirements are easily met with the class-D amplifier
69
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described in this report. Therefore, the following statements regarding
gain and input impedance of the various operational amplifier configurations
are made assuming ideal characteristics.

One of the basic operational amplifier configuratinns is the inverting
amplifier. The class-D amplifier used in this configuration 18 shown in
Pig. 6«1, Assuming ideal amplifier characteristics, the voltage 'gain is

given as,

.Rs
- —n—— . 6' 1
A, % (6-1)

The input impedance of the inverting amplifier {is,
z$n - nl . (6'2)

The non-inverting amplifier may be implemented as in Pig. 6-2. It
is necessary to eliminate the sign reversal that was previously associsted
with the moduletor, driver, and output stages. This is easily done by
tntorchnngihg outputs of the modulator such that a pulu-w‘id:h modulated
"signal produced by positive eontrol signals is used to drive the N-channel
driver and the modulated signal produced by negative control signals is
used to drive the P-channel driver. Note that R); has a dual function.
It is & factor in determining the gain of the ingut stage and is also a
factor in determining the nin of the non-inverting amplifier configura-
tion. This gain is given by

Ri1 + Ry

B cemm—— . (6-3)
a L}
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Fig. 6-1--The basic class-D amplifier
. connected as an inverting amplifier.
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Fig. 6-2--The basic class-D amplifier
connected as a non-inverting
anplifier.



3

The input impedance of the non-inverting emplifier 1is essentially
infinite.

A fhird basic configuration is the differential amplifier, as showm
in Fig. 6-3. Agatn Ry} assumes a dual role in determining the gain of
both the input stage and the overall differentisl ampliffier. R; should
be chosen cquil to Ry,and R, chosen equal to Ry; for this configuration.
The gain of the differential emplifier is,

3 m

[ R

The finput impedance of this conﬁ;uution is,

a ©(6-8)

AV.

Za ek 4Ry (6-5) .

The previcus circuits all employed wvoltage feedback as shown in Pig.
6-4(a). Current feedback may also be employed, as showm in Fig. 6-4(b).
Note that @ feedback voltage, proportional to load current, is developed
scross Ry. Current feedback is often used where the 1load current is of
interest.

The transconductance of an amplifier using current feedback may
be easily determined. Referring to Fig. 6-4(d), the voltage gain from the
‘emcnt-l'qfung resistor to the input is,

A, = (6-6)

2e
N
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Fig. 6-3-=-The basic clase-D emplifier
‘ connected as & differential
smplifier.



b)

e

g, 6-4--A voltage-feedback configuration
{a), and & current-feedback
configuration (b).
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where B, 1s the input voltage. The gain is determined by the smpliffer
configuration as with voltage feedback., From Fig. 6-4(b),

Bg = II. Rey (6-7)
therefore the transconductance, G, is given by

e . A& -
¢ - = (6-8)

Sore phase shift of the analog signal occurs because of the lowe
pess filter consisting of T,y and C;o at the output in Pig. 5-10. When
the feedback loop is closed, stability problems mey exist. . Standard
compensation techniques may be applied to the input stage to odtain
stability. As may be sean from Pig. 5-6, there u' an }n!unnt none
1inesrity in the gain characteristic of the output stage. When the ampli-
fier is operated closed- loop‘thi‘o slight variation in gain has essentially
no effect on the linearity of the amplifier. m' open-1oop gain is greatest
for low-level inputs. |

The coqcnnttoh used depends upon the purticiahi amplifier employed
in the ioput stags., In some cases the components required to co-penntg
the system may become physically large and the slternative of lowering
the open-locp gain of the amplifier may have to be taken. In most cases
this should cause essentislly no dgteriouuun of cloud-loép performance.

As shown in this chapter, the class-D sxplifier may easily be adapted
to thru basic operational smplifier configurations: inverting; non;
inverting: and differential. Voltage or current feedbeck may be used



with each of the configurations.

n



7. SAMPLING TECHNIQUE

" As mentioned in Chapter 3, there are three basic types of pulse-
duration modulation. They are leading-edge, trailing-edge, and double-
edge -oduhtion.. Bach of these types of pulse-width modulation may be
generated by the use of efther fixed or natural sampling. The process
of fixed sampling requires that the input signal be sampled at precisely
periodic intervals, and that its instantaneous value at the time of sampling
be held while a pulse of appropriate width 1s generated.

Katural sampling is used in the pulse-width modulator descrided in
Chapter 3. As ex'phined there, the control voltage, e., (input to the
modulator) is added to a trisngulsr waveform e,, and the intersection
of ¢, + L with the constant reference voltege determines the ;e-ding
and trailing edges of the pulses. The width of the pulse produced is
proportional to both the smplitude and the shape of e, + e, during the
sempling tnﬁml,'

"One should notice that with natural sampling of a time-varying signal
as in Fig. 7-1, the center lines of the pulses do not occur exactly at
pcriodic' intervals. This in effect produces & phase shift 6, as shown
in Fig. 7-1. The higher the nuipugg frequency, ‘thc more negligible the
phase shift bcco-.u.

The pulse~-width-modulated waveform may be represented by a Fourier

series. PYor doﬁbh-cdge modulation the series 103

. -» »
e(t) = .?L + %‘1 cos ot + z Z -f-;-i I, (uk) u(.n-o--‘.‘i!'-)
wl as-e
cou[(un. + mag)t]
18 (7-1)
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Fig. 7-l--Modulator waveforms associated

_ with natursl sampling,



80

where

B = the d-c¢ component of the control signal

E = the peak value of the a-c component of the control signal
H = the cutput pulse magnitude
'@y = the switching frequency (radians) ‘

we = the control signal frequency (radians)

J (x) = Bessel function of the first kind of order
n with modulus x.

Due to the nature of the mathematical model used, (7-1) yields {nformation
- concerning only the relative magnitudes and the frequencies of th'e'cmpo-
nents involved. Scauhg factors would be required in order to predict
the true magnitudes of the components produced by an actual circuit., The
first term in (7-1) is the d-c conponent,v the second term is the controi
signal frequency component, and the final term includes the switc! ing
frequency and intermodulation components. The frequency spectrum of the
double~-edge, pulse-width modulated waveform is shown in Fig. 7-2. The
intu.'modulation components are those with agguhr frequencies of the
form mog & oo, . |

If the control signal is of relatively low frequency, the intermoduls-
tion components remain clouiy grouped about the switching frequency.
nwehr, as the frequency of the control signal is increased, the wg-nm,
components begin to approach the control signal (w.) componment. Thus
the switching frequency (wg) should be chosen high enough to prevent the

osceur:cuce of intermodulation components of significant mgnitudc within
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the amplifier pass-band. An analysis of the spectrum shown in Fig, 7-2
indicates that the wgz-w, component is down 1db from the w, component,
the mg-3m, component is down 28db,and the w,-5w, component is down 66db.
The first two intermodulation terms are of iufficient magnitude to cause
dguiﬂcant distortion 1if they should occur within the amplifier pase-
band. Thus, ®, should be selected such that (ws-3m;)>w2, or wg> 4,
vhere ®, is the desired upper cut-off frequency of the amplifier. Then
the moduleted signal can be demodulated by passing the signal through

e lowepass filter with e cutoff frequency of f£,, and no significant
intermodulation distortion should result, Therefore, the switching fre-

quency mey be gelected such that

£, 2 5 !2. (7-2)
In order to use relatively small filter components or to assure
very low intermodulation distortion, the switching frequency may be

chosen considerably greater than 5 fz.



8. DESIGN PROCEDURE

This chapter presents a step-by-step design procedure for the
class-D amplifier. The basic amplifier schematic di;gram is shown in
Fig. 8-2. (This is the last figure in the chapter, and may be left
folded out for reference.) Note ghat feedback arrangements are omitted
in Pié. 8-2, because, as shown in Chapéet 6, the amplifier can be used
with any of several different feedback arrangements. Also, several of the
components shown may be omitted, depending upon design requirements.

The format for this chapter is &s follows: & list of common
smplifier specifications is set forth in Table 8-1; @ design procedure
for the individual stages is presented, working back from the output
stage; and several connbn feedback configurations sre presented. All
unique equations used in the procedure are derived in the preceding
chapters and are listed with their equation number for reference. A

l1ist of the symbols used is given in the Appendix.
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TABLE 8-1,
SPECIFIED PARAMETERS

losd resistance

Maximum d-¢c power output

Upper cutoff frequency

| Output stage mr supply voltage

Input stage, modulator, and driver power
"supply voltage

Closed-loop voltage gain (voltage feedback)

/

Closed-loop transconductance (current
feedback)

Differential (balanced) or unbalanced
input?




A. Output Stage

It should be noted that the maximm sinusoidal s-c power output
is approximately one-half the maximum d-c power output (Py). This is
becsuse the maximum de¢c output voltege is equal to the pesk value of the
a=c cutput voltsge. '

Calculate the maximmm d-: output voltage

mx B, = K

Calculate the switching frequency

g, 251% .

Calculate the period of the switching wavefora

!‘n%' .

Assume that the ocutput stage efficiency is
no e 0.85 .

The next seversl steps refer to the curves of Fig. 8-1, which is
e composite of Pigures 5-6, 5-7, and 5-8. If V, is not specified, let

Vz = 1.50 mex ‘o . (5‘32)

If lineerity is critical, observe in Pig. 8-1(a) that the cutput stage
linearity improves for larger ratios of Vy to mex E,. If V, is speci-
fied, calculate the ratio of V, to max E, and interpolate for the
desired curves in Fig. 8-1 (a) and (b).

85
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Calculate maxfmum pulse width
max v =« T M .
V2
Calculate the conetant

o= nn_';‘L". . (5-19)
Using the appropriate perametric curve in Fig. 8-1(b), determine the
maxioun value of Ip, the pesk collector current. -

Select Q,, having

Weg 225V, ,

wex I, > mex I’ R
# (et mex Ip, in seturation) > 15-20 ,

A/

Vex SAT (at max Il,)

mﬁr <°|1a »

‘ fest switching characteristics, end collector dus'tpntion > 30% Pn.
Note from Fig. 8-1(b) that V, mey be reduced if a larger value of
max I, can be accomodated; however, the lower current levels usually
result in less power loss.

Select D, having

PRV215V,,

mex Lo, 2 mex I, and

fast recovery time.



Select Ql.2 having

Bgg > 1.5V, , and

other characteristics which ate the same as Q“. .

Let R"z be approximately equal to the ututu%ion value of the base
resistance of Q,, at the meximum value of I,.

From Fig. 8-1(c) determine 1'4, the primary inductance of T;;. Por
good efficiency, use a toroidal core with high Q af: £,+ Determine the
primary turns, N“, and check that the core will not saturate at max IP'
Calculate the required number of turns for the clemping winding, “5’

using
Mg wNo | mex ts Ryt Vo | (5-39)
{max 25}

where "5 snd Vgp are the base current and base-emitter voltege for Q,.2

when {t is seturated with a collector current equsl to max Ip. Check

that this value of “5 does not exceed the meximum given by

nax Rs - (5-35)

where BV“ is for Q“.
Calculate the value of C,,. from

42
25(2,~3£;)RL 2x¢RL

(This is based upon considerations set forth in Chapter 7 and (5-42)).
If desired, a more elaborste filter may be used in place of Cy,.



B. Driver Stage

If P < 100 vatts the circuit associsted with Q;, may be omitted.
(See Chapter 4) Select R,y to.be approximately 1/2 the effective
base resistance of QM' (RM may be eliminated when large base current
is required, so &s to decrease power loss in the base drive circuit.)

Calculate the turns ratio,

4

B “?
Estimate the maximum primli'y current max 1, ~§: I .

Select Q31 having

nvcn>zvl »
nax Ic>ux 4

£ (at max 1, , in saturation) > 30,

1 »
& low collector-emitter voltage in saturation, and fast switching
characteristices. | '

Specify the tilt factor, 0.9 > q > 0.7 . Estimate Rgyy for e,

Calculate the secondary 1nductdncq

L= Smax. ‘ (4-9)
(“ﬂ 1\’( (N; NZ)z + L b o k
$ R Ry tVm/hy

where vm ond I' are sssociated with Q,.1 + Select @ core for 1‘31

89
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with high Q et f.. Determine fiom the core data the value of Nz
required to obtain 1‘2’
Calculate Rl using the turns fntio determined earlier. Caiculate

‘ L, using

1 N
Ny .
Ll - Lz i‘-; . .

If desired, the peak value of primery current may be determined using
(4-10).

Determine R” experimentally by selecting the largest value which
eliminates any excessive ringing that may occur when Q31 switches.
Select llu using

B, - Ep - Vpx (4-4)

vhere Vu und In refer to‘ Q33+ Experimentally determine Cyy and cu
by selecting those values which cause the fastest switching of Q31
and Q“.
If the shorting circuit 1s to be used, let
Ny o Ny &
Since the waveforms at the shorting winding are rather unpredictable, it
1s difficult to accurately specify the requirements for Q;,. BHowewer,
a safe selection may be made by picking Q32 to have approximetely the
seme characteristics as 3\1. Select D,y so that

uxlm 2‘“!0“%\?'

Determine R._ b
nm”y
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-Bp + V.
Ryp = -3-5-“ (4-5)
B

BE ;
selecting a value which results in the most efficient operation of Ql.l'

where V__ and IB refer to 1232 + Experimentally determine (.232 by

Voltage spikes may occur when Q.,’1 switches. If needed, & zener
diode, D”, may be placed scross Q:,'1 to prevent failure from voltage

spikes in excess of BV“ og Qn.

C. Pulse-Width Modulatou
Select a type of operationsl amplifier or comparator for An,
A22' and Aza which meets the following requirements:

symeetric bipolar output;

high gein;

high fiaput impedance;

low output 1@.«:\«3
end, low quiescent power consuuptionl.

(A pA709 integrated emplifier may prove satisfactory in most cases).

The design of.A the oscillator will be considered first. For use in
(3-4), which follows, selection of K = 3 will yield reasousble linearity
and should suffice for most applications. (A discussion of the selection
of K follows (3-13) in Chapter 3.) Experimentally determine E,, the
saturated output of Ay,. Calculate E ok using |

npk - .El . (3-4)

Rewriting (3-8), obtain the product stcn as
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R,.C,, = 1

kel

Select cn and R23 such that the above equation 1g satisfled. A satis-

factory choice of t:21

Select RM and st such that

3- s (3-3)

Ros * Rys

Values in the range from 10 kI to 100 kI will yield satisfactory results.

for f. of 10 kHz 1s 0.005 pfd.

The ouly other restraints on R23’ Rygo and st ere that they should be
large enough to prevent overloading Au end much smeller then the input
impedence of Au.
To begin the deaign of the comparator circuits, cslculate the peek

of e, (t) from (3-10) t y' replacing e, (t) with ot(t) - Epk and cc(c) = 0.

o () =% () +da ()

1 (3-10)
peak " 2

k
and R sghould be selected such that
R“ n A ; selecte

A potentiometer may be used for ‘R”,u shown in the schematic
disgram, to ptovtflc an sdjustable reference, E., for precise adjustment
of the modulator. The potentiometer may then be replaced by find resistors
with values corresponding to the voltage division provided by the
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‘ponntlomecer. The combination of R“ + R27 should be large in order

to reduce quiescent power consumption. Letting R26 + R27 = 200 k will

provide nusfact.ory' results. The value of Rzz is not critical;

however, it shoulg! be smeller than the input impedance of A22 and Ay,
Rzo is selected to be much smaller than Rzz and large enough to

pievnnt overloading Au when the zener volitage of D21 or Dzz i9 ex-

endnd. ‘

c‘clculato max e, the vallue of uc(t) required to ot;tain Trhax
by solving (3-10) for e, and let 7 = T ax and R, =R =Ry«

TRy
2B, (R, + R )

max e, -m

Select ‘Dn and Dy, ‘> have zener voltages which are approximately equal

X =,

e, (3-10)

to mex e .. The exact value of the zener voltage should be determined

experimenta liy.

D. Input Stage and Amplifier Configurations
The input stage is shown in Fig. 2-1. The first consideration is

tve selection of An. An should have the fbllowing characteristics:

high gain;

high input impedance;
iow output impedance;
low offset voltage;

low drife;
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low quiescent power consumption;
and, ® symmetric, bipolar output.

kll’ as mentioned in Chapter 6, serves a dual purpose in determining
the gain of the input stage and th.e gain of the overall closed loop
amplifier when used as a differential amplifier or & non-inverting
amplifier. For instance, in the differential amplifier of Fig. 6-3,

the ciosed-loop gain is,

Ry

The gain of the input stage is,

I T~
Av ‘Rl (6+4)

Ry, + R

a eart2 . (2-1)
£ r
11

It is desirable that the gain of the input stage be large in order that
the oversll amplifier will have a high open-loop gain.

Notice, from (2-1) that for A, to be lnrge; Ryy << Rj,. Also,
from (6-4), fog A .y 0 be greater than 1, Ry; > Ry, Thus,

R2<R11<<R12 .

Also, Rz should be as lerge as possible since from (6-5),

zm - RI + Rz s (5"5)

a1 1 generally a high input impedance is desired. A similaf analysis of
the non-inverting amplifier would yield similer restrictions on Ry; and
R, 2° For the inverting amplifier, Ru does not affect the closed loop
gain of the overall amplifier, and kn and Ry, may be selected without
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regard to overall amplifier considerations.

Considering all of the above restrictions it is apparent that Rlz

ghould be as large as possible. Rlz = 5M) has been used successfully.

A4 = 1000 should prove satisfactory in most applications. After Ryq

and Ai%have been dect&ed upon, Rll mey be calculated by rewriting (2-1)

as
Rll .—m .
A, -1
i
If a differential amplifier is desired, as shown in Fig. 6-3,
choose '
R
32 -R"l »
v
Rl - Rz \’ and
Rz - Rll .

If the non-inverting configuration is desired, as in Fig. 6-2, choose

Ry) end R,, as before, and noting that

Ry1 + Ry )
Av - A——_ ’ ' (6.3)
Ry
- select

For thé inverting ampltfier, select Rll and R1 such that (2-1) yields

2
a satisfactory value for Ai' Then choose Rl and R3f:ueh that

AV - e ‘ gi. | ‘ ) (6'1)

yields the required overall voltage gain. Also, the input impedance is,



zin - R1 ’ (6-2)

therefore, Rl must be chosen large enough to sstisfy input impedance
requirements.

Zener diodes Du and "12 are selected with a zener voltege greater
then max e, and less than the saturated output voiltage of A;,. Diodes
Du end Du‘ are small signal diodes. These diodes along with the pulse~
width limiting circuitry allow the amplifier to withstand extremely
large input voltages withﬁut exceeding the maximum power output or
demeging the emplifier.

When current feedback is desired, as in Fig. 6-4(b), & small
sampling resistor, Ry, must be inserted in series with the load, and the
feedback taken across this element. ILI should be small to minimize
power loss in this rvesistor. With G, the transconductance specified
end Ry selected, the required Av is given by (6-8).

¢ -.a! . (6-8)

Once Av is determined, the resistors Rl' Rz, end Ry sre determined as b&forc.
ﬁu eircuitry and component values needed for compensating the in-

put stage and for nulling the offset, as mentioned in Chepters 6 end 2,

depend on the amplifier used in the input stage. This will be tuited

in the design example in Chapter 9.
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9. DESIGN EXAMPLE

This chapter presents & schematic diagram and parts list for a
class-D, d-c amplifier which was designed using the procedure presented
in Chapter 8. The design specifications are given in Table 9-1. The
nch?mtic diagrem of the amplifier is shown in Fig. 9-1, and the parts
iist is given in Table 9-2. The amplifier is in a differential input
configuration with current feedback. The switching frequency is 20 kHz.,
considerably higher then that which is required to provide an upper
cutoff freq ncy of 100 Hs. as specified in Table 9-1., A switching
frequency of 20 kHz. was chosen to permit the use of smaller trans-
formers and to simplify the filter design,

‘The pA709 integrated-circugt operational amplifier was selected
for use in the input stage. The offset nulling circuitry composed of
Ri3s Ri4s and Rys is the circuitry vhich is recommended by the manu-
_f.cturer.? The compensation components Rig, C11, and Cy9 were chosen
to stabilize the overall closed-loop samplifier.

Several tests were made of the performance of the class-D ampiifier.
The results of these tests are presented graphically. FPig. 9-2 shows
the low-level linearity of the ampiifier at -40°C., 259C., and 130°C.

. There was a dead gone of approximately 0.008 vqlts at all temperatures.
The tranaf_er characteristic of the amplifier is shown in Fig. 9-3.

The d-¢ power efficiency of the class-D amplifier is shown in Fig. 9-4.
The d-~ efficiency was calculated as d-¢ power output to the load divided

by average power from all power supplies. The power consumption of
o
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TABLE 9-1

SPECIFIED PARAMETERS FOR DESIGN EXAMPLE

150 watts

.O"C
]

£ = 100 Hs.

V, = % 60 volts

Vi = ;12 volts

Currgnt feedback, G = 0.2 ump/volt.

Differential input configu?ulon.
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TABLE 9-2
ClASS~-D AMPLIFIER PARTS LIST

Reference
Symbol Description
A Linear integrated circuit, puA709 (Fairchild)
A Same as Ay
A22 Same as A1y
A23 Same as A
€11 Fixed Mylar capacitor, 3.0 uF., 50 Vde.
Ci2 Fixed mica capacitor, 20 pF., 100 Vde.
Ca1 Fixed mica capacitor, 0.005 uF., 100 Vde,
Ca2 Fixed ceramic cepacitor, 0.003 uF., 100 Vde.
Cyy Pixed ceramic capacitor, 680 pF., 100 Vde.
Cs41 Fixed tantalum capacitor, 363 uP., 100 Vde.
D1y Zener diode, 1IN7SS
D12 Same as D
D1y Diode, 1IN
Dig Seme as D 3
Doy Zener diode, 1N4360
D22 Same as Dyy
D11 Diode, 1N3071 .
D32 . Zener diode, U25210 (Unitrode)
Ds1 ‘Diode, 1N3891
Q31 Transistor, 2K4862
Q32 Transistor, 2M3485
Qa1 Transistor, SDT 8801 (Solitroen)
Q42 Transistor, 2N2814
Ry Pixed resistor, 49.9 kQ, 1%, 1/4 watt
R2 Same as Ry :
Ry Fixed resistor, 1000Q, 1%, 1/4 watt
R11 Seme as lg ’ -
R12 Pixed reafstor, 1M, 1%, 1/4 watt
R13 Fixed resistor, 1.5 kQ, 1%, 1/4 watt
Ri4 Pixed resistor, 475 k0, 1%, 1/4 vate
R.s Potentiomster, 30 kR, 5%, 1/4 watt
R1¢ Same as R;.
R20 Fixed tuiltor. 2.67 k0, 1%, 1/4 wate
| 7T Fixed resistor, 20 kO, 1%, 1/4 vatt
R23 Pixed resistor, 13.5 ki, 1%, 1/4 vatt
Rog Pixed resistor, €8.1 kfi, 1%, 1/4 watt
Ros Pixed resistor, 15 kii, 1%, 1/4 watt
R2¢ Fixed resistor, 100 ki, 1%, 1/4 wate
R27 Seme as Ryg
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TABLE 9-2 == CONTINUED

Reference K
Symbol Description
R Fixed resistor, 4700 O, 10%, 1/4 watt
Ry2 Fixed resistor, 22 ki, 10%, 1/4 watt
R Fixed xesistor, 10 k2, 10%, 1/4 watt
Ra42 Fixed resistor, 5.1 01, 5% 2 watt
Ry Fixed, non-inductive wire-wound resistor,
0.1 9, 0.5%, 10 watt
11 Transformer, core 35206 (Magnetics)
Ny, 818 turns, AWG no. 34
N2, 106 turns, AWG no. 26
, N3, 1000 turns, AWG no. 37
T41 Transformer, core 55310 (Magnetics)

N4» 29 turns, AWG no. 17
Ng, 2 turns, AWG no. 17
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2001

. 'oo‘
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Fig. 9-2--A graph showing the low-level linearity of the class-
D amplifier at -40°C, 259C., and 130°C.
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the input stage, modulator, and driver is plotted as a function of power
output in Fig. 9-5. It should be noted that quiescent power consumption
is less than 250 milliwatts. Plots of the gain and the phase charac-
teristics of the amplifier are shown in Fig. 9-6. The zero db. level
of the gain characteristic corresponds to an RMS output voltage of
14.1 volts, |

Fig. 9-7 is an oscilloscope photograph of the output current wavee
form with the amplifier operating into an inductive load., The loid,
vhich simulates a torque motor, is 9.Sﬂ'in series with an inductance

of 36 mH. The frequency of the signal shuwm is approximately 15 Haz,
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TIME -SECONDS

Fig. 9-7--Output current waveform due to a 15-Hz. sinusoidal
input signal with the class-D amplifier operating
into s inductive load.



10. CONCLUSIONS

The class-D amplifier exhibits several characteristics which are
advantageous in & power samplifier, The class-D emplifier, which was
presented as a design example in Chapter 9, produced bipolar outpué
voltages from d-c to approximately 800 Mz with high efficiency., Pigures
9-2 and 9-3 deﬁnnltraee the linearity which was obtclned'ualng negative
feedback. The use of the saturated-switching mode of operation in the
driver and output stages, and the use of integrated cireuits in the
other stages resulted in & quiescent power consumption of less than
0.25 watts, as shown in Pig. 9-5. It may also be noted that the power
consumption of the first three stages of the amplifier is relatively
quite small in comparison with the power output of the amplifier.

In order to depict the d-c efficiency which may be expected of a
¢lass-D amplifier using the output circuit which has been presented,
the d-¢ efficiency of several class-D smplifiers, which were constructed,
was plotted in Pig. 10-1. In order to allow direct comparison the
data vas plotted as a function of per-cent power output, &nd the region
where the curves fell was shaded., Class-D amplifiers rated at less
than the 156 watts tended to be more efficient, and the curves for
thess fell generally aloﬁg the upper edge of the nhndcd region. A
365?wnCt design produced the curve which follows the lower edge of
the shaded region.

Although the circuit presented ie¢ highly efficient, a disadvantsgs

is the need for two separste power supplies for the output stage. Each
110



PER-CENT D-C EFFICENCY

20 30 40 80 €0 70 80
PER CENT POWER OUTPUT

Fig. 10-1--A graph showing the cumulative
d-c efficiencies of several class-
D amplifiers.
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power supply must be able to supply the maximum power requirement at
full output. It may also be noted that, due to the direct-coupled
nature of the output circuit, the maximum output voltage cannot be
greater than the supply volt;ge.‘ '

Radio-frequency interference miy be & problem in some applications,
This interference is primarily the result of voltage transients associated
with the inductive elements in the output stage.

Since low-pass filtering is employed to demodulate the output
signal, there will be considerable phase shift in the output signal
near the upper cutoff frequency. Therefore, vhen using negative feed-
back, proper care must be taken to assure stability.

On the basis of the information presented, class-D amplification
appears to be suitable for power smplification where hiih efficiency
and low quiescent power consumption are deolrublg{ It has also been

shown that good linesrity may be obtained when negative feedback is

employed.,
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APPENDIX
LIST OF SYMBOLS

a « Lumped constant defined in (5-19),

Agy - Closed loop voltage gain of input stage.

Ay - Closed loop voitage gain of overall amplifier.
BVyg - Base-emitter breakdown voltage. '

E = Ratio of d-c o;atput voltage to supply voltage,
epp ° Emitter - base voltage. ‘

e, = Control vo}tnge (output of the input stage).
eq - Difference voltage MMin e and e4.

¢q = Emitter voltage.

eg - Feedback voltage.

¢; = Input voluge?

LI Scaled sum of e, and e, in modulatot.';

ey = Output voltage of the N-channel comparator.
€g = Output voltage across the load.

Eg = D=-C output voltage across the load,

ep = Output voltage ‘of the P-channel comparator.
Ep - Peak value of ep.

‘pk - l'uk value of et.‘

E, = Reference voltage in modulator.

e, - Squar~ wave output voltage of the multivibrator.

e,' = Scaled square wave at non-inverting terminal of Ayq.

115
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E, = Peak value of e,

ep - Tt;angular waveform generated by the multivibrator,

e) = Driver transformer primary winding voltage.

ey - Driver transformer secondary winding voltage.

ej « Driver transformer auxiliary (shorting) winding voltage.

e - Voltage across inductor L, (primary of output-circuit tran:former).

eg - Voltage across secondary (clamping winding) of output-circuit transformer.
€ max " Maximum value of L7 .
€5 max - Maximum value of eg.

. £4 = Switching frequency (of the pulse-width modulated waveform).
fy - Upper cutoff frequency of the amplifier.

g = Ratio of minimum to maximum current in each driver pulse.

C - Closed-loop transconductance of the overall amplifier when current
feedback is used,

I « Normalized value of Ip.

Ip - Base saturation current at maximum collector current.
Ij = D-C load current.

I_ - Average output current to the load.

I, - t.ak collector current in the output transistor.

iy - Driver transformer primary current.

' {2 « Driver transformer secondary current.

I = Average current from the V2 supply.

1, - Current through inductor L,(primary of output-circuit transformer).
K - Ratio of E, to Ej for multivibrator.

K' - Scaliag factor used in modulator design (p. 25}.

Ll - Primary inductance of driver tranaformer.
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!.2 = Secondary inductance of driver transformer.
L, « Primary inductance of the output-circuit transformer.

max e, « Control voltage required for maximum pulse-width.

(]
max B, - Maximm d-c output voltage.

max I, = Maximum collector current for a transistor.
max Ipyp - Maximum forward current for a diode.

max i, - Peak primary current in the driver transformer.

Ny - Primary-to-secondary turns ratio of driver transformer.

k]
¢

4 Number of turns on primary of the outputecircuit transformer.

Number of turns on the secondary of the output-circuit transformer.

=%
v
[}

Pp - Maximum d-c power output,

4
(-]
[}

Output power to the load.

~
~
[}

Input power from the Vz supply.

Current-sampling resistor used in current feedback configuration.

“ﬂ
'

Ry, = load resistance.
Ry = Source resistance.

Rgar = Collector-emitter saturation resistance at maximum collector
current.

T « Period of the pulse-width modulated (awitching) waveform.

ty - Fall time for a transistor.

ty - Storage delay time for a transistor.

Vgg - Base-emitter saturation voltage at meximum collector current.

V.: = Positive supply voltage for the input stage, modulator, and driver.
V; = Negative supply voltage for the input stage, modulator, and driver.

V; « Positive supply voltage for the output stage.
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V; « Negative supply voltage for the output stage.
24n = Input impedance of the overall amplifier.
o - Measure of non-linearity of e (t).
« Per-cent non-linearity of et(t).
A » Ratio of pulse width to period of switching waveform.
n = Overall amplifier efficiency. |
“o = Output stage efficiency.
T Hoduiated pulse width (on-time of the driver and output transistors).
*' « Clamping interval of the output circuit,

« Time between the end of the clamping interval and the beginning
of the next output pulse(dead-time),

Tmax - Maximum pulse width {maximum on-time for the driver and output
transistors).

W, = Angular frequenéy of the conirol signal,

wg = Angular switching frequenei.
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